Gestational diabetes mellitus (GDM) accounts for approximately 7% of all pregnancies in the United States and China. 1,2 Women with GDM are at an increased risk of adverse pregnancy outcomes, such as giving birth to babies with greater birth weight and primary cesarean delivery. 3 Maternal GDM also exerts a long-term influence on the offspring, which was named "metabolic imprinting" by some researchers. 4 Previous studies indicated that offspring of mothers with GDM were predisposed to metabolic syndrome and its components. [4] [5] [6] [7] [8] [9] [10] [11] [12] However, the results about the association between maternal GDM and offspring's risk for hypertension were controversial. Several studies have indicated that offspring of mothers with GDM had higher mean values of systolic blood pressure (SBP) or diastolic blood pressure (DBP) than children of mothers without GDM mothers. [11] [12] [13] [14] Other studies reported no difference in the levels of SBP and DBP between the 2 groups. 7, 8 However, most of these previous studies are largely limited by small samples sizes (20-130 GDM cases) and different diagnosis methods of maternal GDM, and whether maternal GDM means a higher risk of pediatric hypertension remains uncertain. Moreover, the extent to which childhood hypertension associated with maternal GDM could be explained by other confounders remains unclear. To elucidate these issues, we compared childhood blood pressure levels and the risk of hypertension 
between 578 children of mothers with GDM and 578 children of mothers without GDM.
MATERIALS AND METHODS

GDM screening process
Tianjin is the fourth largest city in China, only 30-minute distance by train from Beijing. There are 6 central districts in Tianjin with about 4.3 million residents. In 1999, the Tianjin Women's and Children's Health Center launched an urban universal screening of GDM using the 1999 World Health Organization (WHO) criteria in all 6 central districts. The screening rate was reported to be >91% between 1999 and 2008. 2 We first invited all pregnant women (at their 26-30 gestational weeks) to participate in a 1-hour oral glucose tolerance test with 50-g glucose load in their community health centers. Then, those whose glucose reading ≥7.8 mmol/L were referred to the Tianjin Women's and Children's Health Center to undergo a 2-hour oral glucose tolerance test with 75-g glucose load. If the pregnant women met the 1999 WHO's criteria of diabetes (fasting glucose ≥7 mmol/l or 2-hour glucose ≥11.1 mmol/l) or impaired glucose tolerance (2-hour glucose ≥7.8 mmol/l and <11.1 mmol/l), they would be diagnosed as GDM. 15 
Study population
Totally 76,325 women were screened from 2005 to 2009, among whom 4,644 women were diagnosed as GDM and 71,681 were free of GDM. We invited all 4,644 women with GDM to participate in the Tianjin Gestational Diabetes Mellitus Prevention Program. From August 2009 to July 2011, a total of 1,263 GDM women finished the baseline survey. We randomly chose 578 non-GDM mother-child pairs, with age and sex frequency-matched to the 578 children of mothers with GDM. 16 We collected written informed consents from all participants and this study was approved by the Human Subjects Committee of Tianjin Women's and Children's Health Center.
Questionnaires and measurements
Mothers' information was collected by a self-administered questionnaire, including sociodemographic characteristics, such as age, marital status, education (<13 years, 13-16 years, and ≥16 years), family income (<5,000 yuan/month, 5,000-8,000 yuan/month, and ≥8,000 yuan/month), and occupation; pregnancy outcomes (pre-pregnancy weight, weight gain during pregnancy, gestational age, and the number of births in the index pregnancy); and lifestyle in the past year, such as smoking status (nonsmokers, former smokers, and current smokers), passive smoking, drinking status, sitting time, and leisure-time physical activity (0 minute/day, 1-29 minutes/day, and ≥30 minutes/day). Children's information was collected by another questionnaire completed by their mothers, including children's general information, such as gender, birth date, age, birth weight, birth length, lactation (exclusive formula, mixed or exclusive breast), and lactation duration; history of diseases and medication; dietary habits (using a validated food frequency questionnaire 17 ); and routine activities (indoor and outdoor activities, screening watching time, and sleep duration). 10 All mother-child pairs underwent a physical examination. Using the standardized protocol, all participants' height and weight were measured in light indoor clothing and without shoes by trained research doctors. Blood pressure was measured twice by trained nurses or healthy workers using a standard mercury sphygmomanometer at the right arm, with children in the sitting position after 5 minutes of rest. The cuff size was based on the length and circumference of the upper arm and was chosen to be as large as possible without having the elbow skin crease to obstruct the stethoscope. 18 Blood pressure measurement was taken in a relaxed environment in the presence of their parents, and the nurses or healthy workers wore uniform clothes different from the traditional white coat. The mean values of 2 blood pressure measurements were used for the analysis. Body mass index (BMI) was obtained by dividing weight in kilograms by the square of height in meters. All mothers' pre-pregnancy BMI calculation used their self-reported pre-pregnancy weight and their height. Children's BMI calculation used their body weight and height examined in the study visit. Children's Z scores for BMI-for-age were calculated based on the WHO growth reference. 19, 20 Age-, sex-, and height-specific blood pressure Z score was calculated according to the reference range of the National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents. 21 Children's BMI was classified as normal weight, BMI <85th percentiles; overweight, 85th percentile ≤BMI <95th percentile; and obesity, BMI ≥95th percentile, according to the WHO age-and gender-specific growth reference. 19, 20 Elevated blood pressure in children was defined as SBP and/ or DBP ≥90th percentile but <95th percentile; hypertension was defined as SBP and/or DBP ≥95th percentile; high blood pressure referred to the combination of elevated blood pressure and hypertension according to the definition proposed by the Subcommittee on Screening and Management of High Blood Pressure in Children. 22 
Statistical analysis
The general characteristics (continuous and categorical variables) of both mothers and children according to maternal GDM status were determined using chi-square test or Student t test. We applied the general linear model to compare children's Z score for blood pressure according to maternal GDM status. Logistic regression models were used to estimate odds ratios for children's risks of high blood pressure and hypertension according to maternal GDM status.
All analyses were adjusted for maternal age, gestational age, education, current smoking and treatment of GDM (model 1), and then children's outdoor physical activity time, vegetable intake frequency, fruit intake frequency, screen watching time, sleep time, and Z score for BMIfor-age (model 2) and further for maternal pre-pregnancy Data were mean ± SD or frequency. No missing data for the variables above. Z scores for BMI-for-age and BMI category in children were assessed according to the age-and sex-specific growth reference issued by World Health Organization. Age-, sex-, and height-specific blood pressure Z score was calculated according to the reference range from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents.
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus.
BMI, gestational weight gain, gestational hypertension, and children's birth weight (model 3). All the statistical analyses were performed with SPSS 25.0 for Windows software package (IBM SPSS, statistics 25). Two-sided P < 0.05 was considered statistically significant.
RESULTS
Mothers with GDM were older at delivery, had a higher prepregnancy BMI, and had less weight gain during pregnancy compared with women without GDM ( Table 1 ). The mean value of age among children was 5.9 years old (age range: 3.2-10.0 years old). Children of mothers with GDM had a higher birth weight and a higher Z score for BMI, less sleeping time, and were more often overweight or obese than children of mothers without GDM (Table 1) .
Children born to mothers with GDM had a higher mean value of Z score for age-, sex-, and height-specific SBP (0.09 vs. −0.17, P < 0.001) compared with children born to mothers without GDM (Table 1) . This difference remained significant after adjustment for major confounders (multivariableadjusted models 1-3 in Table 2 ). The difference in Z score for SBP between children born to mothers with GDM and those born to mothers without GDM was observed among both boys and girls (all Ps < 0.01). There was no difference in Z score for DBP between children of mothers with and without GDM.
Children born to mothers with GDM had higher prevalence of hypertension (6.4% vs. 3.5%, P = 0.021) and high blood pressure (15.6% vs. 9.3%, P = 0.001) compared with children of mothers without GDM. Multivariable regression analysis (model 3) indicated that the odds ratio (Table 3 ). In the multivariable analyses, the positive association of maternal GDM with the risk of children's high blood pressure was present in boys, in children aged <5 years and ≥5 years, but no association was found in girls. There was no significant interaction of sex, age, and maternal GDM with the risk of children's high blood pressure (all P values >0.05). Hypertension was defined as systolic and/or diastolic blood pressure ≥95th percentile according to the age-, sex-, and height-specific reference range from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents; high blood pressure was defined as systolic and/or diastolic blood pressure ≥90th percentile according to the age-, sex-, and height-specific reference range from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents.
Model 1 adjusted for maternal age at delivery, gestational age at delivery, education, current smoking and treatment of GDM. Model 2 adjusted for variables in model 1 plus children's outdoor physical activity time, vegetable intake frequency, fruit intake frequency, screen watching time, sleep time, and Z score for BMI-for-age. Model 3 adjusted for variables in model 2 plus maternal pre-pregnancy BMI, gestational weight gain, gestational hypertension, and children's birth weight.
DISCUSSION
This study indicated that maternal GDM was associated with an increased risk of high blood pressure in offspring during early childhood. This effect was present in boys and children aged <5 years and ≥5 years.
The prevalence of hypertension among children is increasing recently. 23 It is well known that pediatric hypertension has significant implication for future risk of adult hypertension and subsequent cardiovascular diseases. [24] [25] [26] Thus, it becomes particularly important for early diagnosis and management, especially in children with a high risk of hypertension. Several recent studies have assessed whether maternal GDM was a risk factors for children's high blood pressure, but the results were contradictory. Two Hong Kong studies and 2 US studies have found that children born to mothers with GDM had a higher mean value of SBP compared with children born to mothers without GDM. [11] [12] [13] [14] However, another Hong Kong study and 1 UK study did not find an association between maternal GDM and children's blood pressure levels. 7, 8 Only 1 Hong Kong study assessed whether maternal GDM increased children's high blood pressure risk, but did not find any associations. 7 The present study is, to the best of our knowledge, the first large study to find that maternal GDM increased children's mean values of Z score for SBP and was a risk factor for children's high blood pressure and hypertension. Several reasons for the inconsistency of these studies with our study can be considered: (i) small samples sizes (20-130 GDM cases) in previous studies may limit the statistical power, (ii) inaccurate diagnosis of GDM and non-GDM was found in several previous studies, (iii) low prevalence of children's hypertension in previous studies cannot assess its association with maternal GDM, (iv) previous studies did not measure all important factors associated with both maternal GDM and children's hypertension, such as children's dietary intake, physical activity, birth weight, maternal pre-pregnancy weight, and gestational hypertension.
Although higher blood pressure has been reported in boys but not girls of mothers with pre-pregnancy diabetes, 27 gender difference in the association of maternal GDM with childhood hypertension remained unknown. The present study found that maternal GDM increased children's mean values of Z score for SBP in both boys and girls and was also associated with increased risks of boys' high blood pressure and hypertension but not girls' . Previous studies reported that maternal GDM affected blood pressure mainly in children at 7-11 years old. [11] [12] [13] Only one study demonstrated higher SBP in younger offspring of mothers with GDM at 3 years old. 14 The present study indicated that the positive association of maternal GDM with the risk of children's high blood pressure was present among children <5 and ≥5 years old.
The mechanism underlying the association between maternal GDM and offspring's hypertension is ambiguous. Researchers have identified the association of children's hypertension with maternal gestational hypertension, children's birth weight, overweight, obesity, sleep disorders, physical inactivity, and inadequate fruit and vegetable intake. [27] [28] [29] [30] [31] Some researchers argued that children's obesity may mediate higher blood pressure in children and maternal GDM, 14 as prenatal exposure to GDM was a strong predictor of obesity in the offspring. [32] [33] [34] However, our data demonstrated that the association of maternal GDM with the risks of children's high blood pressure and hypertension remained significant after adjustment for above confounder factors. Other factors were also proposed to be associated with children's hypertension, such as genetics, intrauterine programming of epigenome, insulin resistance, excessive sodium intake, chronic kidney disease, and malfunction of neonatal endothelial colony forming cells. 23, 27, 28, 35, 36 However, these factors have not been investigated in the present study.
Strengths and limitations
Our study enrolled a larger sample of GDM and non-GDM mother-child pairs than previous studies, which was powered to explore the association between maternal GDM and children's hypertension. Our data also contained a variety of confounding variables, such as the parameters of mothers before and during pregnancy, and indices of the children, including birth weight, lifestyles, and anthropometric indexes. Finally, GDM was diagnosed according to the standard criteria proposed by WHO. There were also some limitations in our study. All the subjects were Chinese; the extrapolation of the conclusion should be scrupulous. Finally, other confounders of children's hypertension, such as the genetics, sodium intake, status of kidney function, children's lifestyle intervention, emotion, and maternal glucose control throughout pregnancy, were not available in the present study.
This study indicated that maternal GDM increased the risk of hypertension and high blood pressure among offspring. Thus controlling the maternal GDM may be important for preventing childhood hypertension, which needs further investigation. Dr Jun Lu and Prof Hu conceptualized and designed the study, performed statistical analyses, interpreted the results, and drafted, reviewed, and revised the manuscript. Drs Shuang Zhang, Weiqin Li, Junhong Leng, Leishen Wang, Huikun Liu, Wei Li, and Cuiping Zhang collected the data and revised the manuscript. Profs Lu Qi, Tuomilehto, Xinlin Yang and Zhijie Yu critically revised the manuscript for important intellectual content. All authors approved the final manuscript as submitted and agreed to be accountable for all aspects of the work.
